Single-shot readout of multiple nuclear spin qubits in diamond under
  ambient conditions by Dréau, A. et al.
Single-shot readout of multiple nuclear spin qubits in diamond
under ambient conditions
A. Dre´au1, P. Spinicelli1, J. R. Maze2, J.-F. Roch3, and V. Jacques1∗
1Laboratoire de Photonique Quantique et Mole´culaire,
Ecole Normale Supe´rieure de Cachan and CNRS UMR 8537, 94235 Cachan, France
2Facultad de F´ısica, Pontificia Universidad Cato´lica de Chile, Santiago 7820436, Chile and
3 Laboratoire Aime´ Cotton, CNRS UPR 3321 and Universite´ Paris-Sud, 91405 Orsay, France
We use the electronic spin of a single Nitrogen-Vacancy (NV) defect in diamond to observe the
real-time evolution of neighboring single nuclear spins under ambient conditions. Using a diamond
sample with a natural abundance of 13C isotopes, we first demonstrate high fidelity initialization
and single-shot readout of an individual 13C nuclear spin. By including the intrinsic 14N nuclear
spin of the NV defect in the quantum register, we then report the simultaneous observation of
quantum jumps linked to both nuclear spin species, providing an efficient initialization of the two
qubits. These results open up new avenues for diamond-based quantum information processing
including active feedback in quantum error correction protocols and tests of quantum correlations
with solid-state single spins at room temperature.
PACS numbers: 03.67.-a, 42.50.Lc, 42.50.Ct, 76.30.Mi
Nuclear spins are attractive candidates for solid-state
quantum information storage and processing owing to
their extremely long coherence time1–3. However, since
this appealing property results from a high level of isola-
tion from the environment, it remains a challenging task
to polarize, manipulate and readout with high fidelity
individual nuclear spins4. A promising approach to over-
come this limitation consists in utilizing an ancillary sin-
gle electronic spin to detect and control remote nuclear
spins coupled by hyperfine interaction5–10. In this con-
text, the NV defect in diamond has recently attracted
considerable interest because its electronic spin can be
polarized, coherently manipulated, and readout by opti-
cal means with long coherence times, even under ambient
conditions11. The NV’s electronic spin thus behaves as
an ultrasensitive magnetometer at the nanoscale12, pro-
viding a robust interface to detect and control nearby
nuclear spins in the diamond lattice. This approach has
been used in the past years to study the coherent dynam-
ics of multi-spin systems13, to perform universal quan-
tum gates14,15 and to develop few-qubits quantum reg-
isters, where single nuclear spins are used as quantum
memories7,16,17. A second-long coherence time was re-
cently demonstrated for a single 13C nuclear spin weakly
coupled to a single NV defect in an isotopically puri-
fied diamond sample10. This result, combined with the
ability to perform spin-photon entanglement18 and two-
photon interference from distant NV defects at low tem-
perature19,20, makes single spins in diamond a promising
building block for quantum repeaters and long-distance
quantum communications.
However, advanced quantum algorithms such as quan-
tum error correction protocols require high fidelity ini-
tialization and single-shot readout over multiple qubits21.
Along the line of recent works directed towards this
goal8–10,22, we first report high fidelity single-shot read-
out of an individual 13C nuclear spin by using the elec-
tronic spin of a single NV defect as an ancillary qubit in
a diamond sample with a natural abundance of 13C iso-
topes (1.1%). Repetitive readout indicates a polarization
lifetime exceeding seconds at moderate magnetic fields,
which illustrates the robustness of the 13C nuclear spin
state. Then, we demonstrate efficient initialization of two
nuclear spin qubits in a well-defined state by adding the
intrinsic 14N nuclear spin of the NV defect in the quan-
tum register.
The spin system considered in this study is depicted
in Figs. 1(a) and (b). The electronic spin (S = 1) of
a single NV defect is coupled by hyperfine interaction
with both its intrinsic 14N nuclear spin (I = 1) and a
neighboring 13C nuclear spin (I = 1/2). A permanent
magnet placed on a three-axis translation stage is used
to apply a static magnetic field with controlled amplitude
along the NV defect axis and the spin transition between
the ms = 0 and ms = −1 electron spin manifolds is co-
herently driven through microwave (MW) excitation. As
shown in Fig. 1(c), the hyperfine structure of the spin sys-
tem, recorded through pulsed-ESR spectroscopy23, ex-
hibits six nuclear-spin conserving transitions (see Sup-
plementary Information). From this spectrum, recorded
for a magnetic field magnitude B = 2000 G, we extract
the projected strength of the 13C hyperfine interaction
A‖ = Azz = 258±10 kHz. We obtain further qualitative
information of the hyperfine interaction through dynamic
polarization measurements at the excited-state level anti-
crossing (ESLAC), while applying a static magnetic field
near 510 G along the NV axis24. The 13C polarization
efficiency was estimated by using the Fourier transform
of the free-induction decay (FID) signal measured by ap-
plying a Ramsey sequence pi2 − τ − pi2 to the NV defect
electron spin. Figure 1(d)) shows the FID signal recorded
at the ESLAC. Since the 14N nuclear spin is perfectly po-
larized, the characteristic beating is linked to the weakly
coupled 13C nuclear spin. The Fourier transform of the
FID signal indicates a relatively high polarization effi-
ciency P = 40± 10%, which suggests that the 13C quan-
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FIG. 1: Spin system. (a), Energy-level diagram of the NV
defect as a function of the strength of a static magnetic field
B applied along the NV defect axis. Level anti-crossings in
the ground state (GSLAC) and in the excited state (ESLAC)
are highlighted. (b), Hyperfine structure of the ms = 0 and
ms = −1 electron spin manifolds for a NV defect coupled
with its intrinsic 14N nuclear spin (nuclear spin projection
mI(N)) and with a nearby single
13C nuclear spin (nuclear
spin projection ↑ or ↓). The hyperfine sublevels are denoted
as |mI(N) , ↑↓〉 and the blue arrows indicate the microwave
(MW) transitions used for single-shot readout measurements.
(c), Optically detected ESR spectrum recorded for a mag-
netic field B ≈ 2000 G. The 14N hyperfine interaction leads
to a splitting of 2.16 MHz between ESR frequencies associ-
ated with different 14N nuclear spin projections. These lines
are further split by Azz = 258 ± 10 kHz through hyperfine
coupling with a nearby 13C. (d), FID signal of the NV defect
electron spin recorded at the ESLAC (B ≈ 510 G) showing a
coherence time T ∗2 = 2.9± 0.1 µs, in the range expected for a
diamond sample with a natural abundance of 13C. (e)-Fourier
transform of the FID signal showing a significant polarization
(∼ 40%) of the 13C nuclear spin in state |↑ 〉.
tization axis is close to the NV defect axis in both the
ground and excited states25. The anisotropic component
of the hyperfine tensor Aani is therefore assumed to be
much smaller than Azz. Since the 13C nuclear spin gets
polarized in |↑ 〉, this measurement also provides unam-
biguous identification of each ESR frequency to a given
nuclear spin state, |↑ 〉 or |↓ 〉26,27.
In the spirit of previous works9,10, projective single-
shot detection of the 13C nuclear spin state is achieved
by accumulating the NV defect photoluminescence (PL)
while repeating the sequence depicted in Fig. 2(a). The
NV defect electron spin is first initialized into the ms = 0
sublevel through optical pumping. A controlled not
(CNOT) gate is then applied to induce an electron spin-
flip conditioned on the 13C nuclear spin state. Finally,
the resulting electronic spin state is optically readout by
applying a 300-ns laser pulse. This sequence is repeated
many times in order to increase the signal to noise ratio.
The CNOT gate is experimentally realized by applying
narrowband MW pi-pulses on the electronic spin, which
selectively drive the ESR transition for a given 13C nu-
clear spin state, e.g. |↓ 〉. In order to take advantage
of the full ESR contrast and to get rid off any quan-
tum jumps linked to the 14N nuclear spin9, three MW
sources are used for driving simultaneously 13C nuclear
spin state-selective transitions from each hyperfine sub-
levels linked to the 14N nucleus (Figs. 1(b) and (c)).
A typical PL time trace recorded while continuously re-
peating the sequence is shown in Fig. 2(b). For each data
point, the PL signal is accumulated during τb = 120 ms,
corresponding to approximatively 20000 repetitions of
the readout sequence. The signal exhibits well-defined
quantum jumps linked to the evolution of the 13C nu-
clear spin state. Indeed, when the nuclear spin is in state
|↓ 〉, the CNOT gate flips the NV defect electron spin,
ms = 0 → ms = −1, and a low PL signal is observed
(dark state) owing to spin-dependent PL of the NV de-
fect. Conversely, when the nuclear spin is in state |↑ 〉, the
electron spin remains in the ms = 0 sublevel at each rep-
etition of the sequence and a high PL signal is observed
(bright state). Nuclear spin flips are therefore evidenced
in real-time as abrupt jumps between two distinct val-
ues of the PL signal. For a magnetic field B = 1610 G
applied along the NV defect axis, we infer the charac-
teristic relaxation times of the 13C nuclear spin while
applying repetitive readout T1,↑(bright) = 2.4± 0.1 s and
T1,↓(dark) = 1.5± 0.2 s.
To estimate the readout fidelity, the 13C nuclear spin is
first deterministically initialized in a given state through
a single-shot readout measurement. By introducing an
initialization threshold Ni,↓ (resp. Ni,↑), photon count-
ing events such that N < Ni,↓ (resp. N > Ni,↑)
are post-selected, corresponding to an initialization in
state |↓ 〉 (resp. |↑ 〉). Using Ni,↓ = 615 counts and
Ni,↑ = 845 counts, the initialization fidelity exceeds 99%
for both nuclear spin states (see Fig. 2(d)). We note that
in principle the initialization fidelity can be chosen arbi-
trarily high by decreasing (resp. increasing) Ni,↓ (resp.
Ni,↑), at the price of a high number of lost events. After
successful initialization, a subsequent readout measure-
ment is performed allowing to build the nuclear-spin de-
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FIG. 2: Single-shot readout of a single 13C nuclear spin. (a),
Logic diagram of the single-shot readout scheme and corre-
sponding experimental sequence. For all experiments, the du-
ration of the pi-pulses is set to 4 µs. The 300-ns laser pulse is
used both for spin-state read-out and to achieve an efficient
preparation of the NV defect electron spin in the ms = 0
sublevel (|0 〉e) at each repetition of the sequence. (b), PL
time trace showing quantum jumps of the 13C nuclear spin
state. The solid line is a fit with a two states hidden Markov
model from which the relaxation time T1 of the nuclear spin
state is extracted. (c), Normalized nuclear-spin dependent
photon counting distributions S↑(↓). The solid lines are data
fitting with the formula given in the Supplementary Informa-
tion. (d), Single-shot readout fidelity F↑(↓) as a function of
the readout threshold. The initialization thresholds Ni,↓,Ni,↑
and the optimized discrimination threshold Nr,opt are indi-
cated with dashed lines. The solid lines are extracted from
the fits in (c). We note that the initialization fidelity in state
|↓ 〉 (resp. |↑ 〉) is given by F↓(Ni,↓) (resp. F↑(Ni,↑)).
pendent photon counting distributions S↑(↓). As shown
in Fig. 2(c), the distributions linked to each nuclear spin
state can be clearly distinguished and the readout fideli-
ties F↑(↓) are defined as
F↓(Nr) =
∫Nr
0
S↓(N )dN∫Nr
0
S↓(N )dN +
∫Nr
0
S↑(N )dN
(1)
F↑(Nr) =
∫∞
Nr S↑(N )dN∫∞
Nr S↓(N )dN +
∫∞
Nr S↑(N )dN
, (2)
where Nr is the readout threshold. For Nr,opt =
735 counts, corresponding to the maximum overlap be-
tween the two photon-counting distributions, we extract
F↓ = F↑ = 96 ± 1.2% (Fig. 2(d)). This fidelity could
be significantly improved by increasing the collection ef-
ficiency with diamond photonic nanostructures28. In ad-
dition, the selective MW pi-pulses used for the CNOT
gate have a duration of 4 µs, corresponding to a spectral
width of 130 kHz. Given the inhomogeneous linewidth
of the ESR signal combined with the hyperfine coupling
strength, the pi-pulses are therefore not perfectly selective
leading to a decreased contrast of the projective measure-
ment, which degrades the readout fidelity. This limita-
tion could be overcome by using a CVD-grown diamond
sample isotopically enriched with 12C atoms, in which the
inhomogeneous dephasing rate of the NV defect electron
spin can reach few kHz10,11.
We now study the processes leading to nuclear spin
depolarization. For a magnetic field B applied along the
NV defect axis (z), the ground-state spin Hamiltonian
reads H = H0 + γnBIˆz + Sˆ · A · Iˆ, where H0 includes
both the pure electronic spin terms and the hyperfine
interaction with the intrinsic 14N nuclear spin, γn is the
13C gyromagnetic ratio and A its hyperfine tensor. In the
secular approximation, this Hamiltonian simplifies to
H = H0+γnBIˆz+AzzSˆz Iˆz+Aani
2
[
e−iφSˆz Iˆ+ + e+iφSˆz Iˆ−
]
(3)
where Aani = (A2zx + A2zy)1/2, tanφ = Azy/Azx and
Iˆ± = Iˆx ± iIˆy. The anisotropic component Aani of the
hyperfine tensor therefore induces nuclear spin flips, lead-
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FIG. 4: Initialization and single-shot readout of a two nuclear spin qubit quantum register. (a), Experimental sequence.
(b),(c), PL time trace recorded by continuously repeating the sequence with a magnetic field B = 5280 G applied along the
NV defect axis. Each data point corresponds to approximatively 3000 repetitions of the readout sequence (20 ms). Quantum
jumps linked to (b) the weakly coupled 13C nuclear spin and to (c) the intrinsic 14N nuclear spin of the defect can be
distinguished. (d), Normalized nuclear-spin dependent photon counting distributions measured with the initialization thresholds
set toNi,dark = 110 counts andNi,bright = 160 counts. The projective readout fidelity is optimized for a discrimination threshold
Nr,opt = 135 counts.
ing to depolarization at a rate
γ1 =
1
T1
∝ A
2
ani
A2ani + (Azz − γnB)2
. (4)
Considering this process at the main source of depolar-
ization, the nuclear spin relaxation time might exhibit
a quadratic dependence with the applied magnetic field.
The experimental results depicted in Figure 3 confirm
this behavior at high fields, while two drops can be ob-
served around B ∼ 510 G and B ∼ 1020 G, correspond-
ing to level anti-crossings in the excited state and in the
ground state, respectively29 (Fig. 1(a)). Around such
magnetic field strengths, the secular approximation is not
valid and additional electron-nuclear spin flip-flop terms
A⊥[Sˆ−Iˆ+ + Sˆ+Iˆ−]/2 need to be added to the Hamil-
tonian24,25, where A⊥ = (Axx + Ayy)/2. As shown
in Fig. 3, the experimental data are well fitted by a
simple model including depolarization induced by the
anisotropic hyperfine interaction and spin mixing at the
level anti-crossings (see Supplementary Information for
details). We note that the bright state always exhibits a
longer relaxation time than the dark state. Furthermore,
this effect is independent on the nuclear spin state (|↑ 〉 or
|↓ 〉) used as control state in the CNOT gate. When the
dark state is detected, a shorter nuclear spin lifetime is
always observed because in this case the system spends
on average more time in the ms = −1 electronic spin
sublevel, for which the anisotropic component of the hy-
perfine tensor induces nuclear spin flips.
According to equation (4), a long nuclear spin life-
time can be observed either for a 13C nuclear spin with
a weak anisotropic component of the hyperfine interac-
tion, i.e. placed on a lattice site with a small angle with
respect to the NV defect axis, or for an applied mag-
netic field such that γnB  (Azz,Aani). In a diamond
sample with a natural abundance of 13C isotope (1.1%),
the ESR linewidth is on the order of 200 kHz, which
puts a limit to the weakest detectable hyperfine coupling
strength in conventional ESR spectroscopy (Fig. 1(c)).
Apart from the 13C nuclear spin studied in detail in this
work, quantum jumps were also observed for a 13C cou-
pling strength Azz = 380 ± 10 kHz (lattice site O in
Ref. [28]) with a much shorter relaxation time (see Sup-
plementary Information for details). For stronger hy-
perfine coupling strengths, no quantum jumps could be
observed for magnetic fields up to 5000 G. The proba-
bility to find weakly coupled 13C nuclear spins would be
significantly improved by using isotopically purified dia-
mond samples10. However, we note that the speed of the
single-shot readout measurement decreases with the 13C
coupling strength owing to the required spectral selectiv-
ity of the quantum logic.
Finally, we demonstrate single-shot readout in a two-
qubit register by including the intrinsic 14N nuclear spin
of the NV defect. For this experiment, the CNOT gate is
performed with a single narrowband MW pi-pulse which
selectively drive the ESR transition for a given state of
the register, e.g. state |1, ↓〉 (Fig. 1(b) and Fig. 4(a)).
The PL time trace then exhibits quantum jumps linked
to both nuclear spin species, which can be easily dis-
tinguished because their characteristic relaxation times
differ by orders of magnitude (Figs. 4(b) and (c)). In-
deed, although the 14N nuclear spin shares its symmetry
axis with the NV defect (Aani = 0), its relaxation time
is only a few tens of milliseconds because a strong hyper-
fine contact interaction in the NV defect excited-state
A⊥ ≈ 40 MHz induces fast electron-nuclear spin flip-
flops9. From the nuclear-spin dependent photon counting
distributions, we infer that the two nuclear spin qubits
can be initialized into state |1, ↓〉 (dark state) with a fi-
5delity higher than 98% by using an initialization thresh-
old Ni,dark = 110 counts (Figs. 4(d)). We note that
any state of the register could be deterministically pre-
pared and readout by changing the frequency of the MW
used for the CNOT gate. From the overlap between the
photon counting distributions, we extract a projective
readout fidelity F = 83± 2%, limited by the 14N nuclear
spin relaxation time. This value could be significantly
improved by increasing the magnetic field strength in or-
der to decouple more efficiently the 14N nuclear spin from
the electron spin dynamics9.
The reported initialization and single-shot readout of
two nuclear spin qubits combined with well-established
techniques of coherent manipulation within the quantum
register14,15 pave the way towards tests of quantum
correlations with solid-state single spins at room temper-
ature30 and implementations of simple quantum error
correction protocols21.
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SUPPLEMENTARY INFORMATION
A. Experimental methods
1. Experimental setup
We study native NV defects hosted in a commercial [100]-oriented high-purity diamond crystal grown by chemical
vapor deposition (Element6) with a natural abundance of 13C isotopes (1.1%). Individual NV defects are optically
isolated at room temperature using a confocal microscope. A laser operating at 532 nm wavelength is focused onto the
diamond sample through a high numerical aperture oil-immersion microscope objective (Olympus, ×60, NA=1.35)
mounted on xyz-piezoelectric scanner (MCL, Nano-PDQ375). The red-shifted NV defect PL is collected by the
same objective and spectrally filtered from the remaining excitation laser with a dichroic filter and a bandpass filter
(Semrock, 697/75 BP). The collected PL is then directed through a 50-µm-diameter pinhole and focused onto a silicon
avalanche photodiode (Perkin-Elmer, SPCM-AQR-14) operating in the single-photon counting regime. Laser pulses
6are produced with an acousto-optical modulator (MT200-A0.5-VIS) with a characteristic rising time of 10 ns. For all
experiments, the optical pumping power is set at 300 µW, corresponding to the saturation power of the NV defect
radiative transition.
2. ESR spectroscopy
The NV defect ground state has an electronic spin S = 1 that can be efficiently polarized into its ms = 0 sublevel
through optical pumping1. In addition, the PL intensity is significantly higher (∼ 30%) when the ms = 0 state is
populated allowing the detection of electron spin resonances (ESR) on a single NV defect by optical means2.
Coherent manipulation of the NV defect electron spin is performed by applying a microwave field through a copper
microwire directly spanned on the diamond surface. Electron spin resonance (ESR) spectroscopy is performed through
repetitive excitation of the NV defect with a resonant microwave pi-pulse followed by a 300-ns read-out laser pulse3.
ESR spectra are recorded by continuously repeating this sequence while sweeping the pi-pulse frequency and recording
the PL intensity. The microwave power is adjusted in order to set the pi-pulse duration to 4 µs, as verified by recording
electron spin Rabi oscillations. In this conditions, the ESR linewidth is given by the inhomogeneous dephasing rate
of the NV defect electron spin which is on the order of 200 kHz for a diamond sample with a natural abundance of
13C isotope 4.
The ESR spectrum of a single NV defect coupled with a nearby 13C nuclear spin shows six nuclear-spin conserving
transitions (see Fig. 1(c) of the main text and Fig. 5(a)). Indeed, hyperfine interaction with the intrinsic 14N nuclear
spin (I = 1) leads to a splitting of AN = 2.16 MHz between ESR frequencies associated with different 14N nuclear spin
projections5,6. These lines are further split through hyperfine interaction with the 13C nuclear spin (Fig. 5(a)). Even
at high magnetic fields, the 14N nuclear spin populations are unbalanced owing to dynamic nuclear spin polarization
induced by optical pumping7,8 (see Fig. 1(c) of the main text and Fig. 5(a)). We note that this effect is responsible
for the short polarization time of the 14N nuclear spin under optical illumination9.
a
250
200
150
# 
ph
ot
on
s 
pe
r 2
0m
s
2.01.51.00.50.0
Time [s]
b
c
1.0
0.9
P
L 
[a
.u
.]
-3 -2 -1 0 1 2 3
Relative frequency [MHz]
B = 2000 G
2.16 MHz
[14N]
[13C]
380 kHz
0.2
0.1
0.0
P
ro
ba
bi
lit
y
250200150
# photons per 20 ms
FIG. 5: Single-shot readout of a 13C nuclear spin with a hyperfine coupling strength of 380 kHz. (a), Optically detected ESR
spectrum recorded for a single NV defect coupled to a 13C nuclear spin with a coupling strength Azz = 380 ± 10 kHz. The
solid line is a fit with Gaussian functions. (b), PL time trace recorded by continuously repeating the readout sequence shown
in Fig. 2(a) of the main text, with a magnetic field B = 2000 G applied along the NV defect axis. Each data point corresponds
to approximatively 3000 repetitions of the readout sequence (20 ms). The solid line is a fit with a two states hidden Markov
model. (c), Normalized nuclear-spin dependent photon counting distributions obtained with the initialization thresholds set to
Ni,↓ = 150 counts and Ni,↑ = 240 counts. With this values the initialization fidelity is 94%.
73. Magnetic field alignment
A permanent magnet mounted on a xyz-translation stage is used to apply a static magnetic field along the NV defect
axis. Preliminary alignment of the field is done by optimizing the PL intensity because any off-axis components of the
magnetic field quench the NV defect PL10. The field alignment is then more precisely realized by measuring the sum
Σ of the resonance frequencies ν+1 and ν−1, linked to the transitions ms = 0 → ms = +1 and ms = 0 → ms = −1,
respectively. For a perfectly aligned magnetic field, Σ = ν+1 + ν−1 = 2D, where D is the zero-field splitting. In our
experiments, this criteria is completed with a precision of about 100 kHz, corresponding to a magnetic field alignment
with a precision better than 0.2◦ for a magnetic field of B = 2000 G.
B. Single-shot readout of a 13C nuclear spin with a hyperfine coupling strength of 380 kHz
As indicated in the main text of the manuscript, quantum jumps were also observed for a 13C coupling strength
Azz = 380 ± 10 kHz, as shown in Figure 5(b). For a magnetic field B = 2000 G applied along the NV axis, the
characteristic relaxation times of the 13C nuclear spin are T1,↑(bright) = 69±4 ms and T1,↓(dark) = 35±2 ms. From the
overlap between the nuclear-spin dependent photon counting distributions (Fig. 5(c)), we infer a projective readout
fidelity F = 77± 3%.
C. Nuclear-spin dependent photon counting distributions
In this section we describe how the histograms in Figure 2(c) of the main paper are obtained and how the statistics
of the counted photons in our single-shot readout process is modeled. In the following the 13C nuclear spin states
are denoted as bright and dark, corresponding to a high and a low photon-counting signal, respectively. These states
correspond to either |↑ 〉 or |↓ 〉 depending on the nuclear-spin conserving ESR transition used for the CNOT gate.
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FIG. 6: (Left) Distribution of consecutive single-shot measurements. (Right) Histograms of photon counting distributions for
dark and bright states by using Ni,dark = 615 counts and Nbright = 845 counts.
In order to obtain the nuclear-spin dependent photon counting histograms, we first consider the distribution of
two consecutive measurements, N (k) and N (k + 1), from the PL time trace obtained by applying continuously the
single-shot readout sequence. As it can be seen on Figure 6, this distribution is highly concentrated in two regions
representing both nuclear spin states, dark and bright. We define the threshold value Ni,dark (resp. Ni,bright) on the
measurement N (k) to declare that the nuclear spin state is initialized in the dark (resp. bright) state. Then, for
all measurements that satisfy N (k) ≤ Ni,dark (resp. N (k) ≥ Ni,bright), a histogram is constructed from the set of
points {N (k + 1)} (see right panel in Figure 6). The lower (resp. larger) the Ni,dark (resp. Ni,bright) threshold, the
smaller the initialization error but the larger the uncertainty as we obtain fewer points to built the histograms. As a
good compromise between these two effects, we choose Ni,dark = 615 counts and Nbright = 845 counts. Finally, each
distribution is binned in intervals of 15 counts to construct the nuclear-spin dependent photon counting histograms
shown in Fig. 2(c) in the main paper.
8We now explain how these histograms are modeled. As described in section D of this supplementary information,
the flipping rate of the nuclear spin depends mainly on the anisotropic part of the hyperfine interaction between the
electronic spin and the 13C nuclear spin. This causes an increase of the flip-flop rate when the electronic spin of the
NV center is in state ms = ±1. As a consequence, the dark state always presents a smaller relaxation time T1 than
the bright state when the readout sequence is applied continuously.
Therefore we model the flip-flop events with a two-rate poissonian distribution. The time YD (resp. YB) the nuclear
spin spends on the dark (resp. bright) state distributes exponential with rate λD (resp. λB). Following a similar
procedure to that described on ref.11, we model the number of photons detected over a measurement time T with a
random variable Z, by considering the statistics of the photons associated with each nuclear spin state when there is
no flip, one flip and two flips over the measurement time.
When there is no-flip, the number of photons is given by the random variable,
ZI = XI , I = {B,D} (5)
where XI is a random variable that distributes normal, NI(XI = xi), with mean µI = µD (resp. µI = µB) and
variance σ2I = σ
2
D (resp. σ
2
I = σ
2
B) if the nuclear spin state is dark (resp. bright). The distribution of the number of
photons when there is no-flip f0ZI (z) can then be calculated by taking the derivative with respect to z of the cumulative
distribution,
f0ZI (z) =
∂
∂z
∫
xi<z
NI(xi)P (YI > T )dxi = NI(z)e
−λIT . (6)
When there is one flip during the measurement time T , we model the number of photons by the random variable,
ZI =
YI
T
XI +
T − YI
T
XI′ , (7)
where YI distributes exponentially with constant λI . The set of indexes {I, I ′} denotes the state of the nuclear spin
and can be either {D,B} or {B,D}. The distribution is given by
f1ZI (z) =
∂
∂z
∫
t
T xI+(1− tT )xI′<z
NI(xI)NI′(xI′)P (YI = t)P (YI′ > T − t)dxIdxI′dt (8)
f1ZI (z) =
∫ 1
0
du
λITe
−λITue−λI′T (1−u)√
2pi[u2σ2I + (1− u)2σ2I′ ]
exp
{
− [z − (uµI + (1− u)µI′)]
2
2[u2σ2I + (1− u)2σ2I′ ]
}
.
(9)
Note that when λI = λI′ = λ, the distribution becomes f
1
Z(z) = P
1
I
∫ 1
0
duN(µ, σ2), where P 1I = λTe
−λT , N(µ, σ2) is
the Normal distribution with mean µ and variance σ2, µ = uµI + (1− u)µI′ and σ2 = σ2Iu2 + (1− u)2σ2I′ .
Similarly, we model the two-flip case by a random variable
ZI =
YI
T
XI +
YI′ − YI
T
XI′ +
T − YI′
T
XI (10)
=
(
1− YI′ − YI
T
)
XI +
YI′ − YI
T
XI′ (11)
with distribution
f2ZI (z) =
∫ 1
0
du
λITλI′T (1− u)e−λIT e+u(λIT−λI′T )√
2pi[u2σ2I + (1− u)2σ2I′ ]
exp
{
− [z − (uµI + (1− u)µI′)]
2
2[u2σ2I + (1− u)2σ2I′ ]
}
(12)
Note that when λI = λI′ = λ, the distribution f
2
Z(z) = P
2
I
∫ 1
0
du2(1 − u)N(µ, σ2), where P 2I = (λT )2/2e−λT ,
µ = uµI + (1− u)µI′ and σ2 = σ2Iu2 + (1− u)2σ2I′ .
Finally, we fit the experimental photon counting distributions shown in Fig 2(c) of the main paper to
SI(z) = f0ZI (z) + f1ZI (z) + f2ZI (z) , (13)
9where the fitting parameters are the average photon counting numbers µD and µB , the flip-flop probabilities TλD
and TλB for the nuclear spin in state dark and bright, respectively. On the other hand, it is known that three level
systems with a metastable state exhibit super-poissonian character12,13. As the photons associated with the dark
distribution involve the passage of the electron throught the metastable singlet state 1A1, the variance of the dark
distribution σ2D is left as a fitting parameter, meanwhile the variance of the bright distribution is set to σ
2
B = µB . As
a result we obtain µD = 637 counts, µD = 816 counts, TλD = 0.084 and TλB = 0.0485, leading to T1,dark = 1.43 s
and T1,bright = 2.47 s in fair agreement with our experimental results (T1,dark = 1.5± 0.2 s and T1,bright = 2.4± 0.1
s).
D. Nuclear-spin depolarization processes
In this section, we discuss the depolarization processes of the 13C nuclear spin during the multiple repetition of the
single-shot readout sequence.
1. System Hamiltonian
The system consists of a single NV defect coupled by hyperfine interaction with its intrinsic 14N nuclear spin and a
nearby 13C nuclear spin. Since we focus on the evolution of the 13C nucleus, we do not consider the interaction terms
linked to the 14N. Assuming a magnetic field B perfectly aligned along the NV defect axis, denoted as the z-axis, the
system Hamiltonian, in both the ground and excited states, reads
H(i) = H(i)e +H(i)n +H(i)e−n (14)
with the index i refering either to the ground state (gs) or to the excited state (es), and
H(i)e = D(i)Sˆ2z + γeBSˆz
H(i)n = γnBIˆz
H(i)e−n = Sˆ · A(i) · Iˆ ,
(15)
where D(i) is the zero-field splitting of the NV defect electronic spin - D(es) ' 1.42 GHz14 and D(gs) ' 2.87 GHz - ,
γe ' 2.80 MHz.G−1 and γn ' 1.07 kHz.G−1 are respectively the gyromagnetic ratio of the electronic spin and of the
13C nuclear spin, and A(i) is the hyperfine tensor.
Given the small value of the hyperfine coupling strength considered in the main text of the manuscript (A‖ ' 258
kHz), the 13C must be located few lattice sites away from the NV defect5,6. However, no correspondence with a
specific lattice site of the diamond matrix is available owing to the current accuracy of ab initio calculations of the
electronic spin wave function5. In the following, we neglect the contact term of the hyperfine interaction and thus
assume a purely point-like dipolar interaction. The hyperfine tensor is therefore considered identical in the ground and
in the excited states A(i) = A. Furthermore, the significant 13C polarization at the excited state level anti-crossing
suggests the polar angle between the 13C lattice site and the NV defect axis is small15. This is further supported by
the observed long polarization time of the 13C nuclear spin while applying repetitive readout. Thus, we can neglect
the terms of the hyperfine interaction proportional to S±I±16 and the Hamiltonian can be approximated as
H(i) ' H(i)e +H(i)n +AzzSˆz Iˆz +
Aani
2
[Sˆ+Iˆze
−iφ + Sˆ−Iˆze+iφ] (16)
+
A⊥
2
[Sˆ+Iˆ− + Sˆ−Iˆ+] +
Aani
2
[Sˆz Iˆ+e
−iφ + Sˆz Iˆ−e+iφ] (17)
where Aani =
√
A2zx +A2zy, tanφ = Azy/Azx and A⊥ = (Axx + Ayy)/2 = −Azz/2 because the hyperfine tensor is
traceless for a pure dipolar interaction. The last two terms of this Hamiltonian are responsible for the undesired 13C
nuclear spin flips.
2. Nuclear spin flip processes
The first nuclear spin-flip term is proportional to the perpendicular component of the hyperfine tensor A⊥, and
connects the state | −1〉e |↑〉 [resp. | 0〉e |↑〉] with the state | 0〉e |↓〉 [resp. | +1〉e |↓〉], as depicted on Figure 7(a). The
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nuclear spin-flip rate induced by this coupling is proportional to the transition probability between the two interacting
states. Since the detuning between | 0〉e |↑〉 and | +1〉e |↓〉 is always larger than the one between | −1〉e |↑〉 and | 0〉e |↓〉,
the main depolarization rate linked to the perpendicular component of the hyperfine tensor can be expressed as
γ
(i)
⊥ =
1
T
(i)
1⊥
∝ 2A
2
⊥
2A2⊥ + (D(i) − γeB)2
. (18)
As shown on Figure 7(c), this rate becomes significant when the system gets close to level anti-crossings, i.e. for
D(i) ≈ γeB, occurring around B ∼ 1020 G and B ∼ 510 G, in the ground state and in the excited state, respectively.
The second nuclear spin-flip term in equation (17) is proportional to the anisotropic component of the hyperfine
tensor Aani (Fig. 7(b)). For all the experiments reported in the main text, we use nuclear-spin conserving transitions
between the ms = 0 and ms = −1 electron spin manifolds. Since the anisotropic hyperfine interaction couples the
states | −1〉e |↑〉 and | −1〉e |↓〉, the nuclear-spin-flip rate is therefore given by
γani =
1
T1,ani
∝ A
2
ani
A2ani + (Azz − γnB)2
. (19)
The evolution of this rate with the magnetic field amplitude B is shown on Figure 7(c) for different values of Aani.
Even for a value as small as Aani = 1 kHz, the anisotropic component of the hyperfine interaction is always the
dominant depolarization process, except near the two level anti-crossings. This is supported by the experimental
results depicted in Figure 3 of the main text, which indicate that the bright state, corresponding to the electronic spin
in state | 0〉e, always exhibits a longer relaxation time than the dark state.
3. T1 evolution with the magnetic field
The evolution of the nuclear spin relaxation time versus the magnetic field is depicted in Figure 3 of the main text.
At a given magnetic field amplitude, T1,↑(bright) (red dots) and T1,↓(dark) (blue squared dots) are inferred from a fit
to a PL time trace showing quantum jumps with a two-state Hidden Markov Model9,17.
We simply consider the total depolarization rate γ1 as a weighted average of the three depolarization rates γani,
γ
(gs)
⊥ and γ
(es)
⊥ , leading to the formula
γ1 =
1
T1
' αaniγani + α(gs)⊥ γ(gs)⊥ + α(es)⊥ γ(es)⊥ , (20)
11
where {αani, α(gs)⊥ , α(es)⊥ } are coefficients linked to the optical pumping power, the intrinsic photophysical parameters
of the NV defect and the time the system spends in each state | i〉e |↑↓〉 during the single-shot readout sequence. The
solid lines in Figure 3 represent a fit of the experimental results using equation (20) with {αani, α(gs)⊥ , α(es)⊥ } as fitting
parameters and setting Aani = 10 kHz. Although this highly simplified model does not allow to extract quantitative
information, it reproduces fairly the general trend of the experimental data. The development of a more precise model
would require to introduce the NV defect dynamics under optical pumping, including ionization of the defect in the
neutral charge state NV0 (Ref.11).
We note that the spin relaxation time could be significantly enhanced by aligning the magnetic field along the 13C
hyperfine field rather than the NV axis, leading to Aani ≈ 0. This could be realized for a 13C placed at a lattice site
with a small polar angle with respect to the NV defect axis in order to avoid any significant electronic spin mixing
which degrade the ESR contrast.
∗ Electronic address: vjacques@lpqm.ens-cachan.fr
1 N. B. Manson, J. P. Harrison, and M. J. Sellars, Nitrogen-vacancy center in diamond: Model of the electronic structure and
associated dynamics. Phys. Rev. B 74, 104303 (2006).
2 A. Gru¨ber, A. Drabenstedt, C. Tietz, L. Fleury, J. Wrachtrup, and C. von Borczyskowski, Scanning confocal optical
microscopy and magnetic resonance on single defect centers. Science 276, 2012-2014 (1997).
3 A. Dre´au et al., Avoiding power broadening in optically detected magnetic resonance of single NV defects for enhanced dc
magnetic field sensitivity. Phys. Rev. B 84, 195204 (2011).
4 N. Mizuochi et al., Coherence of single spins coupled to a nuclear spin bath of varying density. Phys. Rev. B 80, 041201(R)
(2009).
5 B. Smeltzer, L. Childress, and A. Gali, 13C hyperfine interactions in the nitrogen-vacancy centre in diamond. New J. Phys.
13, 025021 (2011).
6 A. Dre´au, J. R. Maze, M. Lesik, J.-F. Roch, and V. Jacques, High-resolution spectroscopy of single NV defects coupled with
nearby 13C nuclear spins in diamond. Phys. Rev. B 85, 134107 (2012).
7 V. Jacques et al., Dynamic Polarization of Single Nuclear Spins by Optical Pumping of Nitrogen-Vacancy Color Centers in
Diamond at Room Temperature. Phys. Rev. Lett. 102, 057403 (2009).
8 B. Smeltzer, J. McIntyre, and L. Childress, Robust control of individual nuclear spins in diamond. Phys. Rev. A 80, 050302
(2009).
9 P. Neumann et al., Single-Shot Readout of a Single Nuclear Spin. Science 329, 542 (2010).
10 R. J. Epstein, F. M. Mendoza, Y. K. Kato, and D. D. Awschalom, Anisotropic interactions of a single spin and dark-spin
spectroscopy in diamond. Nature Phys. 1, 94-98 (2005).
11 P. C. Maurer et al., Room-temperature quantum bit memory exceeding one second. Science 336, 1283-1286 (2012).
12 M. S. Kim and P. L. Knight, Quantum-jump telegraph noise and macroscopic intensity fluctuations. Phys. Rev. A 36, 5265
(1987).
13 A. Molski, Photon-counting distribution of fluorescence from a blinking molecule. Chem. Phys. Lett. 324, 301-306 (2009).
14 G. D. Fuchs et al., Excited-State Spectroscopy Using Single Spin Manipulation in Diamond. Phys. Rev. Lett. 101, 117601
(2008).
15 A. Gali, Identification of individual 13C isotopes of nitrogen-vacancy center in diamond by combining the polarization studies
of nuclear spins and first-principles calculations. Phys. Rev. B 80, 241204 (2009).
16 C. Cohen-Tannoudji, B. Diu, and F. Laloe, Quantum Mechanics, Wiley (1977).
17 W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery, Numerical Recipes - The Art of Scientific Computing.
Ed. Cambridge University Press (2007).
